A new type of circular Airy beams is demonstrated by using a bandpass filter, in order to enhance the field intensity at the focal point of light beam, based on the angular spectrum representation and the ray optics picture. The specific ring and the key spatial frequency corresponding to the focal point are obtained, via the ray optics picture, to make the initial field concentrate near the specific ring in the real space. It is found that the field intensity at the focal point of the new type circular Airy beams is better enhanced than the common circular Airy beams and the modified circular Airy beams, and the enhancement effect can be tuned via the central spatial frequency, apodization steepness and width of the bandpass filter. The enhanced field intensity gives a very strong gradient force and may find applications on optical manipulation.
Introduction
Structured light (also called shaped light or tailored light) [1] is a kind of light beam that is well designed with different types of field intensity and propagation trajectory via the optical modulation of field amplitude and phase on the initial plane or the angular spectrum in the Fourier space. Take the intensively studied accelerating beams [2] , [3] as an example, they propagate along curved trajectories and can be achieved by optical modulation of the field distribution directly in the real space [4] , [5] or the angular spectrum in the Fourier space [6] - [8] . By using the radially symmetric accelerating Airy waves, the circular Airy beams were first introduced as a kind of abruptly autofocusing waves [9] - [11] , which have abruptly autofocusing property, i.e., the light beams abruptly concentrate the field intensity at a focal point but keep almost constant intensity before the focal point [9] . Nowadays, the abruptly autofocusing waves have been studied intensively because of the abruptly autofocusing property [9] - [11] . The abruptly autofocusing beams have been used in the optical manipulation [11] - [14] , advanced multiscale photo polymerization [15] , abruptly autofocusing matter waves [16] and generation of a light bullet [17] . In order to control the properties of the circular Airy beams including the enhancement of the intensity contrast, locations and focal pattern of the focal point, kinds of the abruptly autofocusing beams have been introduced such as pre-engineered abruptly autofocusing beams [18] , [19] , nonparaxial abruptly autofocusing beams [20] , [21] , blocked circular Airy beams [22] , modified circular Airy beams [23] , autodefocusing and bottle beams [19] , [24] , and abruptly autofocusing vortex beams [25] - [28] .
Especially for the enhancement of the field intensity at the focal point, since the first few rings almost have no contribution on the field intensity at the focal point, the blocked circular Airy beams [22] and modified circular Airy beams [23] were proposed via the suppression of the first few rings with larger field intensity by using an annular aperture directly on the initial plane or adding an apodization mask in the Fourier space, respectively. Using the ray optics picture, we have known that the field intensity at the focal point is mainly contributed by the light rays emitted from a specific ring [18] , [29] , which is usually not located at the first few rings on the initial plane. However the blocked circular Airy beams and the modified circular Airy beams only suppress the first few rings, while the side rings located outside the specific ring are also redundant on contribution to the field intensity at the focal point. In this paper, a new type of circular Airy beams based on a bandpass filter (BCABs) is proposed to suppress the first few rings and also the redundant side rings located outside the specific ring on the initial plane, thus the light beam is concentrated within the region near the specific ring to achieve a higher field intensity at the focal point. The initial field distribution in the real space can be engineered conveniently based on the modulation of angular spectrum in the Fourier space. And using the angular spectrum representation, the specific ring on the initial plane is also corresponding to a key spatial frequency in the Fourier space. The specific ring on the initial plane and the key spatial frequency in the Fourier space are first obtained via the ray optics picture, then the parameters of the bandpass filter can be determined including the central spatial frequency, apodization steepness and the width of bandpass filter. The field intensity distribution of the BCABs is calculated based on the angular spectrum representation and the results demonstrate that the maximum field intensity is better enhanced than the common circular Airy beams and modified circular Airy beams. And the enhancement effect can be tuned by the central spatial frequency, apodization steepness and the width of the bandpass filter. The enhanced field intensity of the BCABs demonstrated here will give a very strong gradient force near the focal point and the discussed results may provide applications on optical manipulation.
Theory
In this section, the field distribution of the common circular Airy beams is first given based on the angular spectrum representation, and then the specific ring on the initial plane and the key spatial frequency in the Fourier space corresponding to the focal point are demonstrated. At last, the field distribution of the BCABs is given after introducing the bandpass filter. The field distribution of the common circular Airy beams can be obtained via the angular spectrum representation [30] ,
where k z = k 2 − (k 2 x + k 2 y ) with k = 2π/λ being wave vector in vacuum, and (k x , k y , k z ) is the wave vector for the expanded plane wave with k x = k sin α cos β, k y = k sin α sin β and k z = k cos α. The angular spectrum A(k x , k y ) is determined by the initial field distribution. Without loss of generality, the initial optical field is located at the plane z = 0 and reads [9] , [10] , [14] ,
where α c is a decay parameter, r 0 is the radius of the primary ring, w 0 determines the width of the primary ring, and E 0 is used to alter the optical power. And s(x, y ) is a parameter to determine the polarization of light beam. By using the field distribution on the initial plane, the angular spectrum A(k x , k y ) can be obtained via the inverse Fourier transform [30] , and reads [14] , [23] , [24] ,
with k ⊥ = k sin α being the transverse component of wave vector. The circular Airy beams can be treated as accelerating beams due to the radial symmetry. The field intensity of the accelerating beams can be obtained by solving the diffraction integral, based on the stationary phase method, then the wave dynamics of the accelerating beams can be described by a ray optics picture [4] , [5] , [31] . It has been demonstrated that, based on the ray optics picture, the curved trajectory of the accelerating beams is actually a caustic of light rays emitting from the initial field plane [31] , and the field intensity of a point located at the caustic is mainly contributed by a specific position on the initial plane or a key spatial frequency in the Fourier space [4] - [8] . Thus based on the pre-engineered caustics, the initial field and the angular spectrum can be elaborately designed to achieve the accelerating beams with different caustics.
According to the ray optics picture, seeing Fig. 1 , light rays are emitted from the initial plane z = 0 and tangent to the caustic, i.e., the primary ring of circular Airy beams. For a fixed point located at the primary ring, the field intensity is mainly contributed from the light rays emitted from a specific ring on the initial plane, where the light ray is tangent to the fixed point at the primary ring. The specific ring can be determined by [4] ,
where f (z) is function of the primary ring for the circular Airy beams with the form [14] f
Using f (z) = 0, the position of the focal point can be obtained by,
So, on the initial plane, the specific ring mainly contributing to the field intensity at the focal point can be obtained via the Eqs. (5), (6) and (7) and reads,
Thus, in order to enhance the field intensity of circular Airy beams at the focal point, the light beam should be concentrated near the specific ring with r = 2(r 0 + w 0 ) on the initial plane. And we can see that the specific ring is usually not located within the first few rings.
Usually, the initial field distribution in the real space can be engineered conveniently based on the modulation of angular spectrum in the Fourier space. In the Fourier space, the value of key spatial frequency mainly contributing to the field intensity at the focal point is determined by [6] ,
Thus in order to concentrate the light beam within the region near the specific ring, a bandpass filter is introduced to suppress angular spectrum far from the key spatial frequency k s = k z f sp corresponding to the specific ring with r = r z f sp on the initial plane, and reads,
where k c determines the central spatial frequency for the bandpass filter, β c is the apodization steepness, and δ k controls the width of bandpass filter. Thus the angular spectrum of BCABs reads,
Then the field intensity of the BCABs can be obtained in the whole space by using the angular spectrum representation. And the field intensity is normalized by the incident optical power that is calculated based on the z-component of the time averaged Poynting vector S z on the initial plane via,
where
, r = x 2 + y 2 and the radial symmetry of light beam is applied.
Results and Discussion

Field Distribution of BCABs
Using the ray optics picture, the field intensity at the focal point is mainly contributed from the light rays emitted from the specific ring on the initial plane, which are tangent to the focal point, so the initial field is engineered to concentrate near the specific ring. The initial field distribution in the real space can be engineered conveniently based on the modulation of angular spectrum in the Fourier space. By introducing the bandpass filter, the angular spectrum is distributed only within the region near the key spatial frequency, and the maximum amplitude of angular spectrum will be located at the key spatial frequency by the modulation in the Fourier space. Thus in the real space, the light beam will be concentrated near the specific ring on the initial plane and its maximum of filed intensity will be located near the specific ring, with the result that the field intensity will be enhanced at the focal point.
By using the Eqs. (8) and (9), the specific ring on the initial plane corresponding to the focal point is located at r z f sp = 66λ and the key spatial frequency is k z f sp = 0.18k, based on the parameters E 0 = 1, r 0 = 30λ, w 0 = 3λ, α c = 0.01. Thus for the bandpass filter, the central spatial frequency is set to be k c = 0.18k, while the apodization steepness and width of bandpass filter are chosen to be β c = 10λ and δ k = 0.1k, respectively. The angular spectrum of the BCABs can be obtained via the Eq. (11), as shown in the Fig. 2(a) denoted with the red line, where angular spectrum of the common circular Airy beams without the bandpass filter is also presented for comparison. We can see that only the angular spectrum within the region near the key spatial frequency of k z f sp = 0.18k can pass to generate the field intensity on the initial plane. Based on the angular spectrum representation, the field intensity distribution of the BCABs on the initial plane can be plotted via the Eqs. (1) and (11), as shown in the Fig. 2(b) , and the field intensity of the common circular Airy beams is also plotted for comparison. From the Fig. 2(b) we can see that the field intensity of the BCABs only appears within the region near the specific ring with the radius r z f sp = 66λ. Thus the light beam is concentrated within the region near the specific ring to form the field intensity at the focal point. The field intensity |E| 2 of the BCABs on different slices are demonstrated as shown in the Fig. 3 , where the field intensity is normalized via the input optical power P in , and the trajectory of the primary ring for the common circular Airy beams without the bandpass filter is also presented in the Fig. 3(a) . We can see that there are some side-rings near the specific ring with 50λ ≤ r ≤ 75λ, seeing Fig. 3(a) and (b), and these side-rings will generate the primary ring near the focal point based on the ray optics picture. From the Fig. 3(a) , we can find that the primary ring of the BCABs is indeed rebuilt within the region near the focal point z = z f . Meanwhile, the primary ring disappears within the region of z ≤ 200λ, because the side-rings within in the region r ≤ 50λ on the initial plane, which are used to form the primary ring with z ≤ 200λ, are vanished due to the suppression of the angular spectrum with lower spatial frequency. Unlike the common circular Airy beams without the bandpass filter, there is also no side-rings within the region 200λ ≤ z ≤ z f , since the side-rings on the initial plane disappear within in the region r ≥ 75λ due to the suppression of the angular spectrum with higher spatial frequency. The distribution of the normalized field intensity near the focal point is demonstrated in the Fig. 3(c) , we can find that the light beam is gathered within the region of r ≤ 2λ.
The rebuilt primary ring is concentrated at the focal point and the field intensity is enhanced abruptly. Based on the above parameters, the focal point is located at z = 360λ, which is coincided with the theoretical value 375λ via the Eq. (7) . And the normalized field intensity of the BCABs reaches its maximum I max = 51 V 2 /(m 2 ·W) at the focal point. For the common circular Airy beams without the bandpass filter and the modified circular Airy beams, the maximum of normalized field intensity is only about 20 V 2 /(m 2 ·W) and 23.4 V 2 /(m 2 ·W), respectively, based on the same parameters above mentioned. Meanwhile, on the initial plane of the BCABs, the maximum of the normalized field intensity is about 0.1 V 2 /(m 2 ·W) corresponding to the point with x = 64.5λ, which is also well coincided with the value of specific ring r z f sp = 66λ. Thus the intensity contrast of the BCABs reaches about I c = 510 based on the above parameters. We also find that, unlike the common circular Airy beams, the oscillated distribution of field intensity along the z-axis vanishes after the focal point, because the side-rings outside the specific ring are suppressed by using the bandpass filter.
Tunability of the Field Intensity Enhancement
We next focus on the field intensity enhancement tuned by the parameters of bandpass filter including the central spatial frequency k c , apodization steepness β c and width of bandpass filter δ k . As shown in the Fig. 4(a) , the maximum values of the normalized field intensity (corresponding to the focal point) are plotted as functions of apodization steepness β c and width of bandpass filter δ k , where the central spatial frequency of the bandpass filter is first fixed to be k c = 0.18k. And in order to demonstrate clearly, intensity distributions along different lines are also presented as shown in the Fig. 4(b) , corresponding to the parameters δ k = 0.1k, 0.21k and 0.35k. We can find that, for the regions with δ k < 0.15k and δ k > 0.28k, the apodization steepness β c has an optimal value of about 4λ (see the Fig. 4(b) ), and the normalized field intensity reaches its maximum of about 60 V 2 /(m 2 ·W). However for the region with 0.28k > δ k > 0.15k, the maximum of the normalized field intensity at the focal point becomes larger as increasing the apodization steepness β c , but it increases slightly after β c > 10λ (see the Fig. 4(b) ).
In order to obtain the optimal value of the central spatial frequency k c , the apodization steepness β c and width δ k of bandpass filter are set to be the optimal values given above for different regions, i.e., (δ k , β c ) = (0.1k, 4λ) and (0.21k, 10λ). The distributions of the normalized field intensity at the focal point varying as the central spatial frequency k c are demonstrated as shown in the Fig. 5 . We can find that the optimal value of the parameter k c has the same value of about k c = 0.18k for these two sets of optimal values (δ k , β c ) = (0.1k, 4λ) and (0.21k, 10λ).
Conclusion
In conclusion, in order to enhance the field intensity at the focal point of circular Airy beams, a new type of circular Airy beams with a bandpass filter (i.e., the BCABs) is presented based on the angular spectrum representation and the ray optics picture. The results demonstrate that the specific ring on the initial plane in the real space is located at r z f sp = 66λ and the key spatial frequency in the Fourier space is k z f sp = 0.18k, corresponding to the focal point of light beam, based on the ray optics picture, for the parameters E 0 = 1, r 0 = 30λ, w 0 = 3λ, α c = 0.01. And the light rays emitted from the initial plane near the specific ring r z f sp = 66λ contributes to the field intensity at the focal point. Thus the bandpass filter with central spatial frequency k c = 0.18k and apodization steepness β c = 10λ and the width δ k = 0.1k is introduced to suppress the first few rings and side rings outside the specific ring on the initial plane. Then the normalized field intensity |E| 2 at the focal point of BCABs is further enhanced and reaches its maximum of about 51 V 2 /(m 2 ·W), while for the common circular Airy beams and modified circular Airy beams, the maximum values is only 20 V 2 /(m 2 ·W) and 23.4 V 2 /(m 2 ·W), respectively. This is because the light beam is concentrated near the specific ring on the initial plane to form the field intensity at the focal point, and the redundant rings are suppressed via the introduced bandpass filter. At last, we find that the enhancement can be controlled by the parameters of the bandpass filter including the central spatial frequency k c , the apodization steepness β c and the width of bandpass filter δ k .
